Background: Self-selected speed is an important functional index of walking. A self-pacing controller that reliably matches walking speed without additional hardware can be useful for measuring selfselected speed in a treadmill-based laboratory. Methods: We adapted a previously proposed self-pacing controller for force-instrumented treadmills and validated its use for measuring self-selected speeds. We first evaluated the controller's estimation of subject speed and position from the force-plates by comparing it to those from motion capture data. We then compared five tests of self-selected speed. Ten healthy adults completed a standard 10-meter walk test, a 150-meter walk test, a commonly used manual treadmill speed selection test, a two-minute self-paced treadmill test, and a 150-meter self-paced treadmill test. In each case, subjects were instructed to walk at or select their comfortable speed. We also assessed the time taken for a trial and a survey on comfort and ease of choosing a speed in all the tests. Results: The self-pacing algorithm estimated subject speed and position accurately, with root mean square differences compared to motion capture of 0.023 m s −1 and 0.014 m, respectively. Self-selected speeds from both self-paced treadmill tests correlated well with those from the 10-meter walk test (R > 0.93, p < 1×10 −13 ). Subjects walked slower on average in the self-paced treadmill tests (1.23±0.27 m s −1 ) than in the 10-meter walk test (1.32 ± 0.18 m s −1 ) but the speed differences within subjects were consistent. These correlations and walking speeds are comparable to those from the manual treadmill speed selection test (R = 0.89, p = 3 × 10 −11 ; 1.18 ± 0.24 m s −1 ). Comfort and ease of speed selection were similar in the self-paced tests and the manual speed selection test, but the self-paced tests required only about a third of the time to complete. Our results demonstrate that these self-paced treadmill tests can be a strong alternative to the commonly used manual treadmill speed selection test. Conclusions: The self-paced force-instrumented treadmill well adapts to subject walking speed and reliably measures self-selected walking speeds. We provide the self-pacing software to facilitate use by gait researchers and clinicians. Background 1 Self-selected walking speed is one of the main performance indices of walking. It is the speed at 2 which people normally choose to walk and is also known as preferred speed or comfortable speed. 3 Walking speed determines the time required in achieving the primary goal of walking: getting to a 4 destination. Healthy adults normally choose to walk at about 1.3 m s −1 although they can walk much 5 faster (> 2.0 m s −1 ) [1]. Normal walking speed likely results from balancing many factors, including 6 energy use, time spent in transit, appearance, and comfort. It has often been observed that self-selected 7 walking speed is close to the speed that minimizes metabolic energy consumption [2, 3] or muscle fatigue 8 [4] in traveling a unit distance. Self-selected walking speed also has been emphasized as a promising 9 measure to assess physical health. For example, walking speed is a good predictor of health status and 10 survival rate in older adults [5, 6] and a useful measure for rehabilitation progress [7].
The State Estimator uses data from the two force plates to measure acceleration, velocity and position of a subject walking on the treadmill and combines the measured values with a Kalman filter. The vertical and fore-aft ground reaction forces (GRFs), f z and f y , as well as the center of pressure (COP) are calculated from the force-plate data. Foot contact is detected when the vertical GRF exceeds a certain threshold, f z > f z0 = 20% of body weight. We defined fore-aft foot position on a given step, y f 1 , as the COP at contact detection. Foot position on the prior step in the lab reference frame, y f 0 , is calculated by the COP at the previous contact plus the integral of the treadmill speed over the time between the contacts (y f 1 and y f 0 are shown in Fig. 1 ). We then estimate the fore-aft acceleration, velocity and position of the subject in the lab reference frame as
where m is the mass of the human subject, and t 0 and t 1 are times when each foot contact occurs, ∆t , ∆t = 0.001
= 10 −3 × 0.6 0 0 7.2 P 0 = 10 −3 × 3.5 1.5 1.5 1.6
Note that we omitted the observation matrix in lines 5∼7 as it is the identity matrix (C = I).
describes the relationship between the measurement values according to Newton's second law. The 124 noise matrices, Q and R, as well as the initial error covariance matrix P 0 are determined from data 125 collected in walking sessions, where two subjects walked on a treadmill at speeds between 0.8 and 1.8 126 m s −1 in ten one-minute trials. The noise matrices are set based on σ a , σ v and σ p (Table 1) , which are 127 the differences in a mes ,v mes andp mes , respectively, calculated from force-plate data and motion capture 128 data. P 0 is set to the mean of the values P converged to at the end of the pilot sessions.
129
The Speed Controller adjusts the treadmill speed to match subject speed and to keep the subject near a baseline position. It updates the treadmill speed once per footstep when a new foot contact is detected. This is different from other self-paced treadmills in previous studies, where speed adjustment is done at a much faster rate (30∼120 Hz) [17, 16, 18] . Controlling the treadmill speed at a higher frequency can lead to undesired dynamics due to natural speed oscillations during walking. Instead of filtering out these oscillations as in the previous studies, we update it at every footstep. Target treadmill speed is set as v tm,tgt =v tm
where p 0 is the baseline position, andv KF andp KF are the subject's mean speed and position during the last step in the lab reference frame estimated from the Kalman filter. Note that, despite the plus signs, Eq. 4 is a stabilizing negative feedback as the treadmill speeds, v tm,tgt andv tm , are determined in the opposite direction from the subject speed and position,v KF andp KF , in the lab reference frame. The baseline position p 0 can be predetermined by the experimenter (e.g. p 0 = 0), manually tuned based on subject feedback, or set based on subject data from familiarization trials. In this study, we used the last approach, where we set p 0 for each subject as the average subject position measured during the fixed-speed portion of the treadmill familiarization. In theory, v tm,tgt with G v = 1 will be a speed that matches the subject's estimated walking speed, and G p = 1 will result in a speed that brings the subject to p 0 in 1 second. However, in pilot tests, we found a controller with these high gains to be unstable. Therefore, we use lower gains of G v = 0.25 and G p = 0.1, which we found to be reliable and responsive enough for our study. The treadmill acceleration is set to achieve a target velocity in a certain time as
where we use ∆t tm,tgt = 0.5 sec, similar to the duration of a walking step.
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The code of our self-pacing controller and a graphical user interface are publicly available [36] . The of these trials as we wanted to evaluate the State Estimator independently from the Speed Controller.
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In the first three trials, the treadmill speed was set to 1.3, 0.8 and 1.8 m s −1 . In the fourth trial, We conducted an experiment to evaluate the validity of our self-paced treadmill in measuring self-162 selected walking speeds. Ten healthy adults (5 females and 5 males; height: 1.69 ± 0.08 m; age: 163 25 ± 3 years) participated in the experiment. All subjects participated in a session that consists of 164 familiarization trials and three blocks of five walking speed tests ( Fig. 2-a) . The familiarization trials 165 were for the subjects to get familiar with walking on our self-paced treadmill and at their comfortable 166 speed in different settings. In addition, the subject's baseline position, p 0 , was found in the fixed-speed 167 portion of the treadmill familiarization. The five walking speed tests in each of the three blocks were 168 presented in random order. 169 We compared five different self-selected walking speed tests. The settings and measurements of 170 the tests are described in Fig. 2-b . Overground 10 m is the standard 10-meter walk test [9, 37] that The protocol consists of a familiarization session and the main session organized into three blocks. The familiarization session consists of eight overground and treadmill walking trials, which in total takes about 25 minutes. In self-paced treadmill trials, the treadmill first starts at a slow speed, 0.8 m s −1 , then switches to self-paced mode. Each of the blocks in the main session takes about 15 minutes and consists of five self-selected walking speed tests in random order. b. The five walking speed tests consist of two overground and three treadmill tests. In the overground tests, subjects start to walk from standing at the experimenter's verbal sign "3, 2, 1, go," and the experimenter measures with a stopwatch the time it takes for the subject to traverse the middle 10 m sections. In the treadmill tests, the treadmill starts at 0.8 m s −1 then switches to either speed sweep mode in Manual Speed Selection or self-paced mode in Self-Paced 2 min and Self-Paced 150 m. In Self-Paced 150 m, a monitor shows a 150 m virtual track and a black circle tracking the subject's position.
check whether the standard test represents longer distance walking, as walking distance can affect selfselected speed [30] . Manual Speed Selection is a common way to measure preferred walking speed on a treadmill [10, 11, 12] . The correlation between the speed measures in Manual Speed Selection and those in Overground 10 m will be the benchmark value for our self-paced treadmill tests. Self-Paced 2 they would walk for 2 min or 150 m, and, for the latter, subject position was shown on a 150 m virtual 178 track on a monitor in real-time. We applied both fixed-time and fixed-distance tests on the self-paced 179 treadmill to determine whether it was necessary to motivate participants to walk a given distance in 180 order to obtain self-selected walking speeds that correlated well with overground, fixed-distance tasks.
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The self-selected walking speed tests were designed to be coherent and comparable with each other.
182
For example, 150 m of walking distance in Self-Paced 150 m was selected to match the distance in in the standard test, Overground 10 m. We also compared self-selected speeds in Self-Paced 2 min and 194
Self-Paced 150 m to see whether setting a target walking distance was necessary. In total, we measured be statistically significant if their p-value is smaller than 0.05.
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We calculated the variability of self-selected walking speed in each test to determine whether the 205 self-paced treadmill tests were as consistent as the standard overground test. To this end, we calculated 206 the standard deviation of the three walking speed measurements of the same subject within each test, 207 SD intra . We compared these standard deviation values in each test to determine whether certain tests 208 show higher variability than others. 209 We estimated the time taken to conduct one trial of each walking test to determine whether the self-210 paced treadmill tests required less time than the common treadmill test. We calculated the minimum Walking speeds measured in Overground 150 m were close to those in Overground 10 m. The fitted 265 linear model was close to the identity line with a high correlation coefficient ( Fig. 4-a) . The mean and speed test type had a significant effect on measurement time (ANOVA, p = 4 × 10 −37 ). All the tests 293 were significantly different from each other (paired t-tests, p < 0.002), except for Self-Paced 2 min 294 and Self-Paced 150 m (p = 0.051) and for Overground 150 m and Self-Paced 2 (p = 0.754). Manual
295
Speed Selection took the longest on average and also was the most variable across subjects. The large 296 time variation was due to some subjects having large gaps between the speeds identified to be faster 297 or slower than comfortable speeds while others had smaller gaps.
298
Analysis of speed convergence in the self-paced treadmill tests suggests that the preset time and 299 distance can be much shorter than 2 min and 150 m. The mean and standard deviation of the conver- 
